INTRODUCTION
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ever, most feeding studies have been carried out with restricted or artificial diets (e.g., Leversee, 1976; Lasker, 1981) or through gut contents analysis which underestimates small soft-bodied organisms that leave no recognizable remains (e.g., Coma et al., 1994) . These studies do not reveal which organic fractions are being used as food sources and in what proportions. Microbial communities are the main contributors to planktonic communities in terms of biomass (Stoeckner and Antia, 1986) and production (Platt et al., 1983; Burkill et al., 1993) . As a consequence, much research has been conducted on the dynamics of these planktonic communities in the water column and their trophic interactions with other groups of plankters (Azam et al., 1983; Sherr and Sherr, 1991) . In littoral ecosystems, little work has been completed on the trophic interactions between microbial communities and benthic macroinvertebrates. However, recent studies have shown that the role of bacteria, protozoa and phytoplankton in the diet of benthic suspension feeders other than bivalves appears to be higher than previously thought (e.g., Petersen and Riisgård, 1992; Pile et al., 1996 Pile et al., , 1997 Ribes et al., 1998 Ribes et al., , 1999a . These studies reveal that one of the less known aspects of the biology of benthic suspension feeders is their natural diets. Despite the little knowledge about feeding of benthic suspension feeders under natural condition, several recent studies suggest an important impact of benthic suspension feeders on planktonic populations (Ayukai, 1995; Gili and Coma, 1998) and, in some special environments, benthic suspension feeders have been suggested to be able to control the dynamics of planktonic populations (e.g., Cloern, 1982) . These studies indicate that the feeding ecology of benthic suspension feeders may represent an important step to understanding functioning of littoral ecosystems.
Energetic studies contribute to the comprehend of the dynamics of benthic organisms especially in areas with important seasonal variations of the main environmental factors . Within the framework of an energetic approach to the study of the dynamics of benthic organisms, respiration constitutes one of the largest fractions of the energy demand of benthic organisms. Respiration can be defined as an energy producing process in living systems that degrade organic matter. The energy released during this degradation is used by the living system to achieve the goals of its survival strategy (Lucas, 1996) . Physical factors, including temperature, salinity, ambient oxygen concentration, water flow, and trophic effects, including particle size, filtration activity and food concentration, have been suggested as important factors affecting respiration (Shumway, 1982; Jørgensen, 1966; Sebens, 1987; Patterson et al., 1991; Lucas, 1996; Riisgård and Larsen, in press ). Most respiration studies have been performed under laboratory conditions allowing isolation of the effects of the different parameters that affect respiration. Although laboratory studies have made an important contribution to understanding the physical and biological factors that affect respiration, it is difficult to extrapolate laboratory estimates of respiration rates to the field. The main constraint of in situ studies is that they cannot isolate the effects of the different parameters that are affecting respiration, but they do provide realistic estimates of the processes because they are conducted with organisms under natural conditions.
One of the most important limitations in order to progress in the knowledge of the natural feeding and energetics of benthic suspension feeders is the scarcity of field methods, apparatus and protocols that facilitate obtention of reliable in situ data. Some methods devoted to examine the metabolism of invertebrates (mainly respiration) in the field have undergone significant development and modification during the past years (e.g., Svoboda and Ott, 1983; Tengberg et al., 1995) . However, advance in the study of natural diet has been mainly constrained by the large volume required for sample analysis and by the length of time required to evaluate potential food sources. The improvement of flow cytometry and related techniques to examine natural microbial populations has occurred during the last decade, providing an exponential rise in this field due to the substantial reduction in the volume of sample required and in the effort of examination (e.g., Gasol and del Giorgio, 2000) . This technical improvement has allowed the scientific community to realize the importance of pico-(0.2-2 µm) and nanoplankton (2-20 µm) in marine ecosystems, now considered to be the main contributors to planktonic communities in terms of biomass and production (Tremblay and Legendre, 1994) .
Recent field studies on the natural diet of several sessile benthic suspension feeders suggest that these organisms feed on a wider spectrum of prey type and size than previously recognized by laboratory experiments . A field methodology to study the energetics of benthic suspension feeders should account for the assessment of the entire range of potential prey, which includes dissolved organic carbon and all sources of particulate organic carbon, both live (i.e. planktonic communities) and detrital. The main goal of this paper was to develop a field technique to obtain reliable samples and to provide an analytical procedure to examine energetics of sessile suspension feeders. Using a combination of oxygen electrodes, pumps and a data logger, we designed a system that solved most of the problems related with closed systems. We report here a detailed description of the system and of the experimental protocol. The system, completely submersible and surface-independent, allows us to assess oxygen concentration variation and feeding rates under natural conditions. The technique was tested with several benthic suspension feeding species from different taxa.
DESCRIPTION OF THE SYSTEM
A general view of the arrangement of the monitoring unit in the field is shown in Fig. 1A and B. A diagrammatic representation of the system ( plexiglas pump head piece, c: oxygen probe, d: chamber outlet connection, e: chamber inlet connection.
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provides a detailed view of the experimental set up and its components. The unit has two major components, the incubation chambers and the underwater housing. Both chambers (1a and 1b in Fig. 1C ) are made from hemispherical pieces of transparent Plexiglas (acrylic glass bei Röhn and Hass, Germany; Svoboda, 1978; Svoboda and Ott, 1983) , approximately 3 liters in volume and sealed to a flat transparent plexiglas base with a soft O-ring of foam rubber, glued firmly to the rim of the hemisphere. Plastic fasteners with hooks securely anchor the chambers (Fig. 1D ). Inlet and an outlet apertures are connected, via PVC and rubber tubing 0.8 cm in inner diameter (silicone rubber tubing was not used because it is highly permeable to oxygen), to create a closed system. A small submersible electric pump (flow pump designed for caravan cars and boats, 12V DC, with modified head; 2 in Fig. 1C ) is placed at the outlet aperture of each chamber. These two pumps operate at 3.3 V. During normal operation, sea water recirculates through the chamber at a flow of 2.4 cm 3 /s (this flow becomes turbulent inside the chamber). Homogeneous mixing takes place within a few minutes. The submersible polarographic oxygen and temperature probe (Clark-type oxygen probe, WTW ) is pressure and temperaturecompensated (Kanwisher, 1959) . It is located close to the flow pump propeller to avoid the formation of microgradients. The probe and the pump, joined through a piece of Plexiglas (Fig. 1E) , are connected to the underwater housing by 2 meters of underwater cable and through waterproof electrical connectors. At the base of each chamber there is an outlet for the flushing (3 in Fig. 1C ) that allows the water inside the chamber to be automatically changed. The flushing pump, controlled through the data-logger software, removed the water simultaneously from both chambers. An inlet, with a check valve, at the base of each chamber allows water to come in while the flushing pump is working (f in Fig. 1D ).
The second main component, a cylindrical underwater housing (70x35 cm ), contains the power supply and converters, a data logger, and the electronics of the probes. The power supply is located at the base of the underwater housing and consists of three batteries (Hitachi Sealed lead-acid, 12 V, 6.5Ah, Shin-kobe Electric Machinery Co., Ltd) that provide the power for the three pumps (8 in Fig.  1C ). The flushing pump is powered at 12 volts and is activated when there is a preset change in percentage of the initial oxygen concentration in the chamber were the organism is located. The percentage of change in oxygen concentration can be selected through the data logger software.
A voltage-converter system (DC/DC converter) reduce voltage from the general power supply (12 V) to the flow pumps (3.3 V) (7 in Fig. 1C ). The data logger (Tattletale Model 4A, Onset Computer Corporation) with its own battery (9 V) is located above the batteries and separated from them by a PVC platform (6 in Fig. 1C ). Two oxymeters electronics (WTW microprocessor Oxymeter Oxi 196), which process the signal from the oxygen sensors, are located on top of the data logger. They are separated from the data logger by another PVC platform (5 in Fig. 1C ). The data logger records the measurements of both oxymeters. The software automatically activates the flushing pump when the percentage change in oxygen concentration reaches the preset value. The measurement produced after a 36 seconds flushing period becomes the next oxygen concentration of reference. The data logger, who has 8 analog input and 16 digital output channels, is connected to the electronics of both oxymeters and controls the flushing pump (Fig. 2) . Through the data logger software it is possible to determine the start time of measurement collection, the time interval between measurements, the oxygen concentration from the initial concentration that determined the activation of the flushing pump, as well as the time period of flushing. The analogue outputs of the oxygen and temperature meters are fed through a signal conditioner to the data logger where the signal was recorded (Fig. 2) . The data logger records the oxygen and temperature measurements of both chambers every 128 seconds. In Appendix I we provide a flow diagram of the data logger functioning is exhibited in Figure 3 The upper side of the underwater housing is made of clear acrylic glass. The digital displays of both oxymeter units can be observed. This allows detection of any problem in the functioning of the instrument during the experiments. The cover is sealed with silicone greased O-ring. The chambers and the underwater housing were designed to be handled by SCUBA divers. The underwater housing with the sensors and pumps has a positive buoyancy of about 12 kg. A weight belt was used to provide an slightly negative buoyancy. Then, a diver easily carries it to the experimental site where it was attached to a 50-kg cement flat, allowing us to study the organisms in situ. The device could be left in place for 24 h to allow us to examine the potential variation in the respiratory activity along the daily cycle.
APPLICATION AND METHODOLOGICAL CONSIDERATIONS
The system was used to study feeding and respiration in three common Mediterranean benthic invertebrates species: the sponge Dysidea avara, the ascidian Halocynthia papillosa, and the asymbiotic gorgonian Paramuricea clavata. The study was conducted at the Medes Islands Marine Reserve (NW Mediterranean Sea, 42º03'N, 3º13'E). Specimens of the sponge D. avara, the ascidian H. papillosa, and the gorgonian P. clavata were selected to have a similar size (D. avara: 0.20 ± 0.003 SD g ash free dry weight (AFDW); H. papillosa: 0.51 ± 0.14 SD g AFDW; P. clavata: 0.95 ± 0.19 SD g AFDW) to reduce a size effect on the study of both respiration and feeding rates.
D. avara dry weight (DW) was determined by drying at 100ºC for 24 h, and ash free dry weight (AFDW) was determined by combustion at 500ºC for 6 h. H. papillosa and P. clavata dry weight was determined by drying at 90ºC for 24 h and ash free dry weight by combustion at 450ºC for 5 hours.
About a month preceding the experiments, several specimens from the three species were removed with a piece of substrate, cleaned from macroepibionts, and placed on artificial supports using inert cement. These specimens were returned to their natural environment close to conspecifics.
Methodological examinations were conducted to investigate: a) the circulation of the water within the chamber; b) the time required for the flushing pump to entirely renew the volume of water of both chambers; c) the behavior of the species within the chambers; d) the time of acclimation to the chamber condition for the different species; e) the maximum decrease in oxygen concentration without affecting respiration rate; f) the time required to detect changes in concentration of food sources.
By means of injecting a dye (rhodamine b solution) and monitoring the oxygen values within the chambers, a series of examinations were conducted to verify the homogeneity of the water circulation within the chambers. The flushing pump required about 22 seconds for the complete exchange of the water of both chambers. Therefore, to ensure a good renovation of all the water within the chambers, the duration of the flushing (conducted by the flushing pump) was programmed to last for 36 seconds. This value could be modified through the software of the data logger. The system and the chambers (one experimentalwith organism-, and one control) were placed at 15 m depth by SCUBA divers. At the beginning of each experiment, one specimen was placed on the base of the experimental chamber. We observed that almost all specimens of the three species fully expand within a few minutes. In the few cases that the incubated specimen did not expand fully within a few minutes, it was eliminated from the experiment. The behavior of the incubated specimens, as well as that of conspecifics outside the chambers, was monitored by direct observation at time intervals ranging between 15 min and 1 hour. The oscula in the sponge species and the syphons in the ascidian species were always open throughout the experiments. The gorgonian species exhibited an expansion and contraction of the polyps similar to that observed in conspecifics and to that previously described from natural populations in the field (Coma et al., 1994; and unpubl. data) .
Respiration rates of an individual or colony (mg O 2 biomass -1 h -1 ) were estimated from each 0.4 mg O 2 l -1 decrease in oxygen concentration in the organism chamber during each experiment. The control chamber was used to compensate for ambient oxygen variations such as respiration or oxygen output of planktonic organisms or respiration of bacteria attached to the internal surfaces of the chambers.
Initial oxygen concentration was always saturated or slightly supersaturated. To determine the decrease in oxygen concentration that does not affect respiration rate, several experiments were conducted without the use of the flushing pump and allowing oxygen concentration to decrease to about 50% from the initial values. These experiments showed two important points: a) that respiration rate estimates during the acclimation period exhibited high variation and, b) that respiration rate estimates were significantly affected by the decrease in oxygen concentration at about 70% oxygen saturation (Fig. 4a,b,c) . Therefore, to avoid the initial variation in respiration rate measurements, most probably due to the period of progressive expansion and acclimatization of the specimens, an acclimation period of 1 hour was chosen. During the period that the incubated specimens were allowed to expand fully, the inlet and oulet apertures of the both experimental and control chambers were not connected, so that the system worked was open-flow. After an acclimation period of 1 hour, inlet and outlet apertures were connected, and the system started to run as closed-flow. In both chambers, oxygen concentration and temperature were recorded continuosly (every 2 minutes by the data logger). The renewal of the water inside both chambers was set to occur at an oxygen concentration drop of 15%. This is a conservative value for the three species that does not affect the estimation of respiration rate. ) inside the chambers during a daily cycle. Oxygen values were recorded every 2 minutes in both chambers and water inside both chamber were renewed when oxygen concentration changed 15% from its initial value. R 1 ..R n refers to each complete renewal of the water inside the chamber. Experimental: chamber with organism. Control: chamber without organisms. Respiration was determined from decrease in oxygen concentration over time.
IN SITU
The autonomy of the system was tested by allowing it to work over a 24 hour period because one of the goals was to examine respiration rate over daily cycles. The system was set up with the threshold for the activation of the flushing pump at a 15% decrease from the initial oxygen concentration and the time period of the flushing programmed to last for 36 seconds and run for a 24 hour cycle. Typically the system flushed the chambers several times per cycle (see Fig. 5 as an example) .
Respiration rate values along with the decrease in oxygen concentration within each renewal were calculated (Fig. 5) . This allowed a test of whether or not a 15% drop in initial oxygen concentration affected respiration rates. The test was carried out by comparing, for each renewal within a daily cycle, the first respiration rate estimate (when the organism was subjected to the initial oxygen concentration) with the last one (when the organism was subjected to an almost 15% drop in oxygen concentration) by means of a student t-test for dependent samples (Sokal and Rohlf, 1995) .
The time required to detect changes in concentration of food sources was determined by examining food concentration within both chambers over a 5-6 hour period at 1 hour intervals. The experimental set up followed the previously determined protocol (i.e., placing the specimens within the chamber and allowing an acclimation period of 1 hour during which the inlet and outlet apertures of both the experimental and the control chambers were not connected, so that the system worked as an open-flow one). After the acclimation period and before closing the system, three replicate water samples of 50 ml were collected from the outlet apertures of both the experimental and the control chambers (initial water samples). At this point, inlet and outlet apertures were inlet and outlet apertures were connected and the system worked as a closed flow. Water samples were collected at 1 hour intervals.
The water sample was preserved with formaldehyde (0.5% final solution). Subsamples of 15 ml were stained with DAPI and filtered onto 0.2 µm filters. The same subsamples were used to count heterotrophic bacteria, Synechoccocus sp., pico-and nanoeukaryotes and heterotrophic nanoflagellates with an epifluoresce microscope (Porter and Feig, 1980) . Grazing was calculated from the decrease in prey concentration in the experimental chamber relative to the control chamber. Changes in abundance of food sources over time for the different species within both the experimental and the control chamber were tested using a one-way ANOVA followed by Scheffé´s contrast test (Sokal and Rohlf, 1995) . Significant differences were observed in abundance of food sources over time for the 3 species (the sponge Dysidea avara, 1-way ANOVA, F 5,24 = 29.88, p<0.0001; the ascidian Halocynthia papillosa, 1-way ANOVA, F 5,24 = 102.84, p<0.0001 and, the gorgonian Paramuricea clavata, 1-way ANOVA, F 5,30 = 39.92, p<0.0001; Fig. 6a,b,c) . A significant decrease occurred after the first one hour of incubation for the sponge species (Scheffé's contrast test, p=0.0015), after the second hour of incubation for the ascidian species (Scheffé's contrast test, p=0.005) and, after the third hour of incubation for the gorgonian species (Scheffé´s contrast test, p=0.005) (Fig. 6a,b, Fig. 6a,b,c) . These experiments allowed us to determine the minimum incubation time to detect significant decrease in prey concentration within the experimental chamber. Minimum incubation time varied among the three species and was 1 hour for the sponge, 2 hours for the ascidian and 3 hours for the gorgonian. One of the main problems of closed systems is the duration of the experiment (Kamler, 1969) . Then, minimization of the residence time of the water inside the chambers is a prioritary objective of closed systems. The residence time of the water inside the chamber during feeding experiments was 1 h, 2 h and 3 h respectively for the sponge, the ascidian and the gorgonian, because this was the minimum time required to detect significant changes in food sources. At the end of this period animals were subjected to an almost 20% drop in oxygen concentration. The above described respiration experiments showed that a drop 20% drop in oxygen concentration did not affect respiration rate and animal behavior which is in accordance with the results observed with other species (Fiala-Medioni, 1979 , Crisp, 1984 , Fabricius and Klumpp, 1995 . For the respiration experiments, organims were subjeted to a maximum of a 15% drop in oxygen concentration because this drop in oxygen concentration already provides several respiration measurements.
This setup allowed us to also examine later the whole spectrum of potential food sources for suspension feeders, including DOC and POM, both live (pico-, nano-and microplankton) and detrital. Sampling, preserving and analysis procedures for all potential food sources as well as calculation procedures and for estimating feeding rates of the three species over a annual cycle are carefully described in Ribes et al., 1998 Ribes et al., , 1999a .
DISCUSSION
There are several problems related with the use of closed systems to conduct studies of metabolism, such as the decline in oxygen concentration and the accumulation of metabolites, the formation of oxygen gradients as a result of water stagnation, and inconsistent respiration readings obtained in relation to the duration of the experiment (Kamler, 1969) . During the last years, several studies have optimizated the use of closed systems and have shown that they represent an important tool to examine in situ change in oxygen concentration related to benthic communities (Smith et al., 1972; Zeitzschel and Davies, 1978; Hall et al., 1979; Svoboda and Ott, 1983; Patterson et al., 1991; Glud et al., 1995) . As in the mentioned works, we have described a system which solves the potential problems of a closed system and allows us to perform feeding studies. The formation of oxygen gradients has been solved by the continuous flow forced by both flow pumps. Oxygen concentration decrease which can affect the behavior of the organism (Herreid, 1980) and the accumulation of metabolites were avoided by the automatic flushing system which periodically renewed the water of both chambers and that can be modified depending on the studied species. Therefore, this autonomous operating system is a useful tool to study metabolic activity of benthic organisms (both production and consumption of oxygen) and feeding rates under, as close as possible, natural conditions. We are aware that an important parameter, water movement, which is known to affect the energetic of aquatic organisms (Boynton et al., 1981; Patterson and Sebens, 1989; Patterson et al., 1991) has not been taken into account. This study was limited to a single flow speed which is rather low (1.2 cm/s). However, the described apparatus may allow the user to have different flow speeds by modifying the voltage converter. This modification could easily provide a range of voltage to the pump from 3 to 12 V that would permit a wide range of flow speeds.
Field techniques to analyze the natural range of potential food sources have not received much attention other than for phytoplankton and zooplankton assessment. This is due to the difficulties involved in the elaboration of specific protocols for each of the different components of the seston. Some of these protocols are of current use by other fields such as microbiology. However, the compilation and standardization of these methods for a relatively small water samples (such as those required to analyse the water whithin the chambers, Ribes et al., 1998 Ribes et al., , 1999a may facilitate the performance of feeding experiments to examine natural diets and feeding rates.
The development of both experimental sampling devices and analytical protocols is a necessary component of field research, even though funding is notoriously difficult to obtain for it and the time consumption for the development of technical preparations is discouraging. However, without the development of new methodological field approaches, our progress in understanding the functioning and dynamics of littoral marine ecosystems is constrained because laboratory experiences can not simulate the extremely diversified biological processes that work in natural ecosystems.
